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Abstract. Evaluation of material flow in manufacturing systems can be used as a 
way of identifying and implementing options for improvements in material 
efficiency in the factory. We have previously developed a framework for material 
flow assessment in manufacturing systems (MFAM), which incorporates material 
flow information in both quantitative and qualitative terms as materials travel 
through a user-defined system. In this paper we examine the potential for 
application of the MFAM at various system scales, ranging from individual 
process scale, to manufacturing cell, factory, enterprise, and local or global supply 
chain scale divisions. Here we describe guidelines for setting the appropriate 
system boundary. In addition we highlight the potential material efficiency 
improvement options available in each case, in terms of the scope of 
improvements and the potential for integration within future strategic planning 
processes. 
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1. Introduction 
Resource depletion is a major concern for the future of manufacturing. The current 
increasing trajectory of resource consumption is understood to be unsustainable. Hence, 
there is a significant interest in efficient use of the key manufacturing resources: 
materials, water and energy. 
Research into modelling the flow of water, energy and materials as a tool for 
improving efficiency in production systems is a relatively new area of research. 
Modelling each of the resources individually presents a number of challenges [1, 2]. 
Materials in particular can be very complex to model in terms of the sheer variety of 
materials, the qualitative and quantitative aspects related to these materials and the 
transformations they undergo as they flow through processes over time. However, 
despite the inherent complexity, there is great potential benefit from modelling material 
flow in production: (1) materials are typically the most significant resource consumed 
in manufacturing, in terms of cost and quantity [3] and consumption should be 
minimised as a priority and (2) material flow typically defines water and energy flow. 
Understanding material flow can therefore be seen as the keystone to enabling resource 
efficiency overall. Previous research by the authors detailed a systematic framework for 
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assessing material flow with a view to constructing dynamic models representative of 
manufacturing systems [4]. A strong focus was placed on the importance of 
encompassing both qualitative and quantitative information, to better understand the 
behaviour of materials in a system and how efficiency might be improved. The 
framework phases 1 to 5 are shown in Figure 1. This was developed to enable an 
understanding of resource interactions within the material flow model. 
 
 
 Figure 1. Phases of the framework for material flow assessment in manufacturing systems[4]. 
 
During the production of manufactured goods, material efficiency may be 
improved by reducing yield losses: the amount of material lost during manufacturing 
processes, for example, through subtractive processing or through quality control 
failures. A wider interpretation of the term material efficiency incorporates minimising 
the water and energy requirements due to material preparation and processing (an 
example method of quantification is ‘material intensity’ [5]), the impacts of material 
use and eventual discharge into the environment, as well as the potential for a material 
to be recycled [6], promoting a ‘closed loop’ system. We assert that material flow is 
intrinsically linked to material (and resource) efficiency; therefore, manipulation of 
material flow is the means to improving material efficiency in manufacturing. There 
are various junctures for intervention where the material flow in a manufacturing 
systems can be manipulated to influence efficiency in terms of system scale: from the 
design of processes (material transformation, transport and storage processes), the 
design and operation of production systems (including the layout, connectivity of 
processes and scheduling of activities within a factory) and supply chain networks or 
enterprises (multi-site operations). In this paper we describe how the MFAM 
framework be used to support material efficiency improvements at different 
manufacturing system scales. Identifying the most beneficial or appropriate options for 
improvement using the MFAM framework is dependent on the system scope. Here we 
provide an overview of the potential benefits available according to how a 
manufacturing system boundary is defined in the first phase of the framework. 
2. Discussion 
2.1. Guidelines for system boundary definition 
As part of the first phase of the MFAM framework, the system boundary must be 
designated for study. This is to ensure that a study is strategic in scope, as modelling all 
aspects of material flow in entire manufacturing systems may be unfeasible or 
unnecessary. The assessment framework therefore considers that manufacturing 
systems covering the range of scales, from individual processes, to a factory, to the 
network of facilities distributed across a geographic area (Figure 2). 
1. Production system scope
5. Interpretation
2. Material flow inventory
3. Material flow assessment
4. Improvement strategy model
 
Figure 2. Schematic examining the hierarchy of different system levels within a manufacturing system. 
 
The phase also requires a definition of the function of the system (what is the 
useful output), hence the ‘product boundary’ as part of the system boundary, since 
many manufactured product components are produced across a range of different 
processes at different facilities before final assembly. Furthermore, some manufacturers 
may produce a small number of products and others produce many hundreds of 
products across different categories.  
Defining which processes, facilities, products, components and sub-components 
are to be included in a study is important to enable meaningful results to be achieved, 
particularly in a multi-product system. Figure 3 illustrates this through the definition of 
the boundary for ‘Product 1’. Here, Product 1 is manufactured using two processes, 
within factory ‘F1’: process ‘P2’ on cell ‘C1’ and process ‘P1’ on cell ‘C2’. Thus a 
product specific boundary for ‘Product 1’ can be set to include only these processes. 
This initial decision making step determines the scale of study, some of the options 
for improvements and the magnitude of possible benefits. A larger scale boundary is 
likely to include require more time and resource to complete, but potentially has greater 
scope for improvement. This initial scope is defined by the assessor, depending on 
various motivating factors and constraining factors. Often, if there drive for 
improvement by a manufacturer, a general target for improvement will already have 
been identified, thus setting an assessment boundary can be based on and provide an 
explicit definition of this.  
 
 
Figure 3. Example product-specific system boundary for ‘Product 1’ 
The types and resolution of information required for each system boundary scale 
division can vary depending on the system complexity and information available. The 
boundary can also be flexible in the sense that the assessment methodology is iterative 
and can be modified to expand a study, or focus in on a more specific area of a system.  
In terms of material flow, a manufacturing system may be seen as a set of interacting 
process systems which may be aggregated or disaggregated to give models of various 
detail levels. A system model disaggregated into multiple processes can give more 
detailed information and potentially more options for improvement. However, an 
aggregated system model can provide a more holistic understanding of its performance 
in material efficiency terms. The former will have greater volume of information to 
assess, requiring more study time, yet will give greater detail. The latter will potentially 
require less information handling and less study time, at the expense of some detail in 
the assessment. Both approaches are valid, as long as the resources available and 
expectations of a study are matched to the assessment scope. 
Setting a wider, more holistic system boundary with relatively low resolution of 
information (e.g. net categorised inputs and outputs) initially can give a broad 
understanding of performance, which can then be used to instigate a more targeted 
assessment boundary in subsequent iterations. Conversely, an initially detailed 
(discrete) process boundary can be expanded to encompass connecting processes, to 
better understand the interactions between processes and at different levels. This action 
may be useful as the optimisation of one process may have positive or negative 
interactions with other connected processes that are not immediately clear. Further 
study would determine if these impacts have a net positive or negative impact on the 
wider system. In this sense, different system boundaries can enable different practical 
and technical options for material efficiency improvement; the options available for 
improving a single process may not be the same options as for improving a supply 
chain network. However, in conceptual material flow terms, these greatly different 
system scales may share improvement options. The following sections describe the 
different system levels and measures to improve material flow. 
2.1.1. Process level 
Setting the boundary at an individual process level may generally be considered to have 
the least potential net benefits; firstly, because a unit process is a very small part of a 
manufacturing system that may contain multiple lines or even factories. Secondly, in 
many manufacturing systems, the processes within will be well established and have 
had a great deal of time and resource spent on improving their yield (predominantly 
driven by cost saving). However, this is dependent on the manufacturer and the process, 
some consideration of unit processes should be made when setting the assessment 
boundary. The assessment procedure has the potential to highlight and support the 
definition of options for alteration to process design as well as parameter optimisation 
through detailed study. Material efficiency improvement may practically be achieved 
by examining and optimising operating parameters of a process; by substituting 
processes or by redesigning processes to improve yield, minimising energy and water 
use. Furthermore, the substitution, reduction or elimination of auxiliary materials 
(materials that facilitate processing and are not embedded in the final product) with 
large environmental impacts and toxicity can have significant benefits. For example, 
the substitution of mineral oil for alternative cutting fluids [7], or the elimination of 
cutting fluids using cryogenic machining can have significant benefits [8]. 
2.1.2. Line or cell level 
The arrangement of a number of interrelated processes in a manufacturing cell or 
assembly line can be examined using MFAM, in order to support material efficiency 
improvements at this level. MFAM can support the implementation of process 
sequence optimisation (a simple example of which is provided in the preceding 
publication [4], improvements to manufacturing cell layout [9], as well as the design 
and commissioning of reconfigurable, flexible assembly lines [10]. An MFAM study 
may lead to an examination of these options for implementation, with a focus on 
improving environmental performance through resource efficiency. 
2.1.3. Factory level 
The options to make improvements at the factory system level bear similarity to those 
at manufacturing cell level. Factories may comprise a single or multiple lines or cells. 
The latter factories tend to involve a greater range inventory of products; hence the 
product boundary becomes particularly important to define in order to prioritise 
products, processes and materials for examination. The organisation of a multiple line 
factory can require adequate isolation of products and materials. MFAM studies can 
enable examination of factory layout, to make alterations to existing facilities, perhaps 
incorporating factory planning methodologies [9, 11]. Alterations at factory level may 
involve and enable process-level substitutions or eliminations, e.g. a layout change 
involving the vertical placement of processes could enable the substitution of energy 
consuming conveyor-based material transport processes for gravity based transport. 
2.1.4. Network level 
MFAM studies at the network scale can support examinations of network distribution 
design and scheduling. Recent research has examined the concept of decentralised, or 
distributed manufacturing for improved sustainability [12]. Understanding material 
flow at a network level is invaluable in examining the potential material efficiency 
benefits of designing and implementing a distributed manufacturing system. 
 
2.2. System scale, time scale and impact 
Often there are different timescales, or ‘horizons’ associated with system management 
and improvement; sometimes referred to as operational, tactical or strategic levels. 
These timescales sometimes have corresponding to spatial system scales; for example, 
management at a process scale tends to be at an operational timescale, managed over 
minutes or hours, whilst production scheduling at a factory scale tends to be associated 
with tactical timescale, managed approximately on a weekly basis. Strategic 
management and decision making generally corresponds to the inter-facility flow of 
materials, components and products. In addition, there are various levels of system 
change, in terms of the physical or organisational impact to an existing system. This 
can range from altering control parameters on a piece of processing apparatus (low 
impact, no physical modification) to modifying the physical design of apparatus 
(medium impact), or the commissioning of entirely new apparatus (high impact). This 
impact variation can occur at each system scale, depending on the type of changes 
made, from ‘quick wins’ to major undertakings. 
3. Conclusions 
As resources become more constrained in the future, increasing efficiency savings will 
be required from manufactures to meet current levels of consumer demand. In addition, 
manufacturers will also have to meet increasingly stringent environmental reduction 
targets for waste and carbon emissions. 
By considering the qualitative as well as quantitative changes of materials as the 
flow through production processes and of production across multiple lines and plants, 
opportunities to improve productivity (yield), whilst reducing waste and emissions can 
be achieved above and beyond that identifiable from quantitative analysis alone. 
Whilst relatively simple products and manufacturing processes can benefit from 
the tool, its application to highly complex operations is most likely to provide the 
highest magnitude benefits. In addition to operational improvements, the use of the tool 
in strategic applications, such as comparing centralised manufacturing with localised 
(distributed or decentralised) manufacturing would also be of significant benefit.  
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